Consensus-designed ankyrin repeat (AR) proteins are thermodynamically very stable. The structural analysis of the designed AR protein E3_5 revealed that this stability is due to a regular fold with highly conserved structural motifs and H-bonding networks. However, the designed AR protein E3_19 exhibits a significantly lower stability than E3_5 (9.6 vs. 14.8 kcal/mol), despite 88% sequence identity. To investigate the structural correlations of this stability difference between E3_5 and E3_19, we determined the crystal structure of E3_19 at 1.9 Å resolution. E3_19 as well has a regular AR domain fold with the characteristic H-bonding patterns. All structural features of the E3_5 and E3_19 molecules appear to be virtually identical (RMSD C␣ Ϸ 0.7 Å). However, clear differences are observed in the surface charge distribution of the two AR proteins. E3_19 features clusters of charged residues and more exposed hydrophobic residues than E3_5. The atomic coordinates of E3_19 have been deposited in the Protein Data Bank. PDB ID: 2BKG. Proteins 2006;65:280 -284.
INTRODUCTION
Repeat proteins such as ankyrin repeat (AR), leucinerich repeat (LRR), or tetratricopeptide repeat (TPR) proteins are abundant specific binding molecules in nature. [1] [2] [3] [4] [5] [6] [7] [8] They are composed of small structurally homologous units (repeats) that stack to form a repeat domain. To biophysically analyze these nonglobular proteins and to use repeat proteins as binding molecules, repeat proteins were recently subjected to protein engineering involving consensus design. 9 -15 We have constructed libraries of AR proteins of varying repeat numbers. 10 By sequence and structural analyses, we designed a 33 amino acid AR module with 27 defined consensus framework residues and 6 randomized potential interaction residues. Although 26 framework residues were fixed, one was allowed to be His, Tyr, or Asn. All randomized potential interaction residues were allowed to be any amino acid except Cys, Gly, or Pro. Varying numbers of this AR module were cloned between designed capping ARs, which are terminal ARs shielding the hydrophobic core of the AR domain. In this manner, combinatorial libraries were generated coding for AR proteins containing one N-terminal capping AR, two, three, or four AR modules and one C-terminal capping AR. To reflect this composition, the libraries were termed N2C, N3C, and N4C.
Our previous analyses showed that the designed AR proteins are well expressed, soluble, monomeric, and thermodynamically stable. 10, 11 The crystal structure of the N3C protein E3_5 was determined at 2 Å resolution, and it displayed the typical AR protein fold. Moreover, the consensus design resulted in a highly regular AR protein structure. Interestingly, E3_5 is thermodynamically significantly more stable (⌬G ϭ 14.8 kcal/mol, T m Ͼ 85°C) than another N3C protein analyzed, E3_19 (⌬G ϭ 9.6 kcal/mol, T m ϭ 66°C), 10, 11 although the two proteins share 89% residue similarity and 88% identity (see Fig. 1 ). We now have determined the crystal structure of E3_19 at 1.9 Å resolution to find the structural reasons for these differences in stability. A detailed comparison of E3_19 with E3_5 is presented. In another paper by Yu et al., 16 the comparison between E3_19 and E3_5 is further extended by molecular dynamics studies.
METHODS

Crystallization and Data Collection
E3_19 protein was expressed and purified as described 10, 11 with an additional Superdex-75 (Pharmacia, Dü bendorf, Switzerland) gel-filtration step in 10 mM Tris-HCl pH 7.6, 100 mM NaCl. E3_19 at a concentration of 18 mg/mL in this buffer crystallized in 1 week using the sitting drop-vapor diffusion method, in 96-well crystallization plates at 20°C. The drops contained 1 L of protein and 1 L of reservoir buffer (15% PEG 4000, 200 mM KBr, and 100 mM Tris-HCl, pH 8.0), with 100 L of reservoir buffer in each well. For cryoprotection, crystals were dipped in paraffin oil, before flash freezing them at 90 K for data collection. X-ray diffraction was measured at the PX beamline at the Swiss Light Source (Villingen, Switzer-land) using a MarCCD detector (Mar USA Inc., Evanston, IL). A data set from a single crystal diffracting to 1.9 Å resolution was collected and processed with MOSFLM, 17 SCALA, 17 and TRUNCATE. 17 The crystal belonged to space group P2 1 2 1 2 1 . A Matthews coefficient of V M ϭ 2.11 Å 3 /Da (41.7% water content) was calculated using the molecular weight of 17,778 Da and assuming two molecules per asymmetric unit. Statistics on data collection are given in Table I .
Molecular Replacement, Model Building, and Refinement
The crystal structure was determined by molecular replacement using the program AMoRe 18 with the structure of the E3_5 (PDB ID: 1MJ0 11 ) as a search model. A conventional AMoRe protocol (rotation and translation) was applied and yielded two solutions, where the two solutions were symmetry related copies. Model building was carried out using the program O. 19 The structure was refined in CNS, 20 followed by REFMAC, 21 resulting in a final model with an R-factor of 17.8% and an R free -factor of 22.7%. Three hundred water molecules were inserted manually or using CNS. Refinement details are given in Table I . In the molecular replacement solution of E3_19, one of the two molecules in the asymmetric unit was frameshifted by one repeat, compared to the final model. The molecule was hence translated by one repeat towards the N-terminus.
Analysis and Bioinformatics
The model was evaluated using the programs PRO-CHECK 22 and WHAT IF. 23 HBPLUS 24 and LIGPLOT 25 were used for analysis of the H-bonding networks and the hydrophobic contacts; GRASP 26 was used for surface calculations and cavity search. Swiss PDB viewer 27 and MolMol 28 were used for root-mean-square deviation (RMSD) calculations and molecular model display.
RESULTS
Refinement and Crystal Structure Description
In the final model of E3_19, clear electron density extends from Ser12 to Leu165 in both molecules of the asymmetric unit, while the N-terminal RGS-His-tag (MRG-SHHHHHHG) and the C-terminal Gln166 were not defined in either molecule. In the Ramachandran plot 91.9% of the residues were in the most favored region, 8.1% in the additionally allowed region, while no residue was in the generously allowed or disallowed region A PROCHECK 22 analysis further indicated that all main-chain and sidechain parameters were within the standard values. The two molecules in the asymmetric unit show the typical AR protein fold (Fig. 2) and are practically identical with a RMSD C␣ of approximately 0.3 Å (Table II ). An RMSD C␣ comparison with E3_5 11 shows that E3_5 and E3_19 are almost identical (RMSD C␣ approximately 0.7 Å; Table II ). The largest differences are observed in the C-terminal AR (Fig. 2) . Low RMSD C␣ are also observed when comparing E3_19 to the AR protein off7 (RMSD C␣ Ͻ 1.0 Å), 9 which binds to maltose binding protein, or to GABP␤1 (RMSD C␣ Ͻ 1.1 Å). 29 A repeat-by-repeat RMSD C␣ analysis locates the largest (but still small) differences between E3_19 and E3_5 in the terminal repeats (Table II, Fig. 2 ), while the consensus-designed repeats are highly similar. The two molecules in the asymmetric unit are involved in a total of seven crystal contacts with a dominating contact between the A molecule and a symmetry copy of the B molecule. Similar to E3_5, 11 E3_19 features highly conserved interand intrarepeat H-bond patterns both in the ␤-turns and in the TPLH motif. The number of H-bonds of the two Fig. 1 . Repeat-wise sequence alignment of E3_5 and E3_19. The two molecules share 88% sequence identity and 89% sequence similarity. The differences are exclusively found in randomized positions. Secondary structure elements are shown above the sequences, the repeat name is indicated on the right. Cylinders represent ␣-helices and two black bars represent ␤-turns. Note that the repeats were defined to end after the GADVNA motif to better illustrate the sequence differences in the ␤-turn region. The N-terminal MRGSHHHHHH sequence has been removed from the N-terminal capping repeat in this representation. ) , respectively, the overall B-factors of the two E3_19 molecules are very similar and slightly higher than the one of E3_5 (16.27 Å 2 ). The major differences in the B-factors compared to E3_5 are found in residues of the N-terminal ARs of E3_19, while the residues in the internal and C-terminal ARs exhibit comparable B-factors for all molecules.
Differences between E3_5 and E3_19
Although the overall structures of E3_19 and E3_5 are virtually identical, some details are noteworthy. The main differences between the two molecules are located in the composition of the randomized positions of the designed AR modules. Unlike E3_5, E3_19 shows a clustering of charges in the randomized potential interaction residues. In the ␤-turn region, where our AR proteins are negatively charged by design (four negative charges in the framework), E3_19 has three additional charges from the randomized residues and thus a total of 7 negative charges, which are more clustered than the six negative charges of E3_5 (two additional charges from randomized residues; Figs. 1 and 3) . E3_19 also has an aspartate in the first ␣-helix of the fourth repeat, while E3_5 has no additional negative charges in the randomized helix positions. In the first ␣-helices of the first three repeats, E3_19 has four clustered positive charges (Fig. 3) , while E3_5 has only two well-separated charges (N-terminal capping repeat and fourth repeat). E3_19 displays four hydrophobic residues, while E3_5 displays two (one semiburied). In E3_5, Asn158 of the C-terminal capping AR makes a double H-bond to Lys122 and Ala121 of the fourth repeat, while in E3_19, Asn156 takes over this role (bonding to Asp122; Fig 2) . It is not inconceivable that this small alteration is a consequence of a repulsion between Asp122, Asp151, and Asp155 in E3_19. However, the shift in H-bonds and the simultaneous structural alteration in the C-terminal capping repeat might also be caused by crystal contacts.
DISCUSSION
The structural differences between E3_19 and E3_5 are relatively small and do not provide an explanation for differences between the thermodynamic stabilities of the two molecules. Sequence differences that do not alter the fold must therefore be the major reason for the large differences in thermodynamic stability. These sequence differences are exclusively due to the composition of the randomized positions. E3_19 has clusters of positive and negative charges and two more hydrophobic exposed residues than E3_5. In addition, the arrangement of the charges and the hydrophobic residues appears to be less favorable in E3_19 than in E3_5. It may also be that not only the arrangement of the charges in clusters but generally the location of the charges is unfavorable in E3_19, which would indicate the presence of hot spots in the randomized positions that are critical to the AR domain stability. It should be noted that there is a cluster of positive charges (mostly arginines) in adjacent helices in E3_19, while there are only few charges in these positions in E3_5. Also, the second to last repeat of E3_19 carries more negative charges (Ϫ5) than the corresponding repeat of E3_5 (Ϫ3), which could have an effect on the thermodynamic stability because the C-terminal AR also carries five negative charges. The paper by Yu et al. 16 will describe molecular dynamics studies and electrostatic calculations in which E3_19 is compared to E3_5 quantitatively.
Previously, we also studied two different N2C library AR proteins (named E2_5 and E2_17). 10, 11 These two proteins are more similar (91% identity, 93% similarity) to each other than E3_5 is to E3_19, and the composition of their randomized positions is more balanced. At the same time their difference in stability is smaller (⌬T m ϭ 9°C; ⌬⌬G ϭ 1.87 kcal/mol). This supports the notion that differences in thermodynamic stability are caused by the composition of the randomized residues, and it further indicates that the stability difference is particularly pronounced in the E3_5/ E3_19 pair.
In summary, we have compared the crystal structures of the still highly stable AR protein E3_19 (⌬G ϭ 9.6 kcal/ mol) with the even more stable AR protein E3_5 (⌬G ϭ 14.8 kcal/mol) to find the structural reasons for the differences in the stabilities. The randomized residues of these molecules do not cause obvious changes in the AR domain fold, but the resulting amino acid composition does influence the thermodynamic stability of the AR domain. Due to their identical fold, E3_19 and E3_5 could represent a suitable model system for molecular dynamics simulations to evaluate the contribution of single amino acids to the stability of the AR domain fold. The N-and C-termini are labeled for orientation. The two proteins are practically identical, with the biggest differences being observed in the C-terminal AR, where E3_5 appears to be more compact than E3_19. The two E3_19 molecules of the asymmetric unit are virtually identical (b) H-bonding in the C-terminal AR of E3_19. Asn156 makes H-bonds to Asp122 (residues in stick mode in blue). (c) H-bonding in the C-terminal AR of E3_5. Asn158 makes H-bonds to Lys122 and Ala121 (residues in stick mode in magenta). This figure was prepared using MolMol. 
